The surge in luteinizing hormone (LH) in preovulatory ovarian follicles triggers the resumption of oocyte meiosis accompanied by expansion of surrounding cumulus cells and ovulation of cumulusoocyte complexes (COCs) into the oviduct. Over the last 15 years, substantial progress has been made in elucidating the key pathways by which the LH signal spreads within the preovulatory follicle and in identifying the molecules responsible for maintaining oocyte arrest and meiosis resumption. It is now clear that the adenylcyclase-mediated rise in intracellular cyclic adenosine monophosphate leads to activation of the epidermal growth factor receptor (EGFR) network in granulosa and cumulus cells. This signaling network can control the transcription of key genes required for cell metabolism, cumulus expansion, and oocyte meiosis resumption. In addition, EGFR signaling is involved in the regulation of gap junctional communication within follicular somatic cells, and in this way it can control the diffusion of meiosis-arresting molecules as well as energy substrates into the oocyte. Thus, the proper functioning of the follicular EGFR network is a vital precondition for the production of matured and developmentally competent oocytes. However, most current in vitro maturation systems are based on a culture of COCs isolated from growing follicles, in which function of the EGFR network may be insufficient for promoting oocyte meiotic and developmental competence. This review focuses on research identifying the importance of the EGFR signaling in somatic follicular cells for oocyte meiotic and developmental competence, and on special approaches to the culture of COCs isolated from growing follicles to promote oocyte quality.
Introduction
In antral follicles, granulosa cells differentiate into two phenotypically distinct populations: the mural granulosa cells, lining the follicle wall, and the cumulus cells, surrounding the oocyte in several layers. The preovulatory surge in luteinizing hormone (LH) causes dramatic changes in the follicular and germ cells that are critical for the ovulation of a fertilizable oocyte. These changes include the resumption of oocyte meiosis, abundant synthesis of various components of the extracellular matrix by cumulus cells, and the luteinization of mural granulosa cells that is accompanied by a profound change in the pattern of mRNA expression, protein synthesis, and hormone production. In Graafian follicles, the cumulus cells and adjacent area of mural granulosa cells undergo a process of expansion, which is caused by an increased synthesis of hyaluronic acid into extracellular spaces and its stabilization by several binding proteins such as inter-alpha-trypsin inhibitor, tumor necrosis factor-induced protein 6 (TNFAIP6), pentraxin 3 (PTX3), and versican (VCAN) [1] [2] [3] .
The action of LH is mediated via its binding to specific membrane receptors. The distribution of LH receptors (LHCGR) on follicular cells and the activation of specific signaling pathways in different compartments of the preovulatory follicle are crucial aspects in final follicular development. The LHCGR mRNAs are highly expressed in mural granulosa cells, but their expression in cumulus cells is suppressed by paracrine factors produced by the oocyte [4, 5] . In agreement with this finding, LHCGR were either found to be absent on cumulus cells or were detected at a much lower concentration than on granulosa cells [6, 7] . It has been proposed that the oocyte-mediated suppression of LHCGR expression may protect the cumulus cells from premature luteinization and thus ensure a proper microenvironment for the successful development of the oocyte to the preovulatory stage [8] . The lack of LHCGR on the cumulus cells is overcome in preovulatory follicles by the LH-induced production of epidermal growth factor (EGF)-like peptides in the mural granulosa cells [9, 10] . These peptides are released into the follicular fluid, where they bind to the EGF receptor (EGFR) and activate pathways in the cumulus-oocyte complexes (COCs) required for cumulus expansion and the resumption of oocyte meiosis.
In oocyte in vitro maturation (IVM) techniques, the absence of LHCGR on the cumulus cells is routinely bypassed by using follicle stimulating hormone (FSH), since FSH receptors are present on the cumulus cells in all mammalian species and this hormone also triggers signaling pathways leading to the resumption of meiosis [11] . Nevertheless, the efficiency of the procedure involving the IVM of oocytes is still lower than their in vivo matured counterparts. Recently, several groups reported novel modifications of the IVM systems, consisting of manipulation with cyclic adenosine monophosphate (cAMP) levels or various combinations of hormone and growth factor supplements, which proved to significantly increase the developmental competence of cultured oocytes [12] [13] [14] . The purpose of this review is to present evidence demonstrating that the developmental competence of in vitro matured oocytes is affected by an array of signaling pathways triggered by the hormones and/or growth factors in the oocyte-surrounding cumulus cells, and that full activation of the EGFR of the cumulus cells is beneficial for the promotion of oocyte developmental potential.
Luteinizing hormone surge releases oocytes from meiotic arrest by regulation of cyclic nucleotide concentration within preovulatory follicle
It has long been known that mammalian oocytes are held in meiotic prophase arrest by a high intracellular concentration of cAMP ( Figure 1 ). The cAMP activates protein kinase A (PKA) that inhibits the maturation promoting factor (MPF) and prevents re-entry of the oocyte into the meiotic cycle [15] . The high level of oocyte cAMP is maintained by the adenylcyclase activated by the G-protein coupled receptors GPR3 and GPR12 [16, 17] , the supply of cAMP from the surrounding granulosa/cumulus cells ( [18] , reviewed in [19] ), and by the inhibition of oocyte-specific phospodiesterase 3 (PDE3) [20, 21] . The oocyte PDE3A was found to be naturally inhibited by cyclic guanosine monophosphate (cGMP) diffusing from granulosa and cumulus cells [22, 23] . Cyclic GMP is synthetized by natriuretic peptide receptor 2 (NPR2) [24] , a key membrane-bound guanylyl cyclase expressed in follicular cells [25] . The significance of somatic cell derived cAMP vs. cGMP for oocyte meiotic arrest is still a matter of debate and may differ among species.
The concentration of cGMP in the preovulatory follicle rapidly decreases in response to the LH peak [23, 26] . This rapid decrease in cGMP occurs due to phosphorylation and inactivation of the NPR2 without reducing the amount of NPR2 protein [25, 27, 28] and due to an increased cGMP hydrolysis caused by the activation of PDE5 phosphodiesterase [29] . In the mouse preovulatory follicle, the decrease in cGMP first occurs in mural granulosa cells and is followed by a rapid diffusion of cGMP out of cumulus cells and the oocyte via gap junctions, leaving a uniformly low concentration of cGMP in the follicle after 20 min [26] . Long-term mechanisms contributing to cGMP decrease involve the downregulation of NPR2 expression [25] and also a decrease in the expression of C-type natriuretic peptide precursor (NPPC) in granulosa cells and a rapid decline in C-type natriuretic peptide (CNP), a ligand and activator of NPR2 [30, 31] . In addition, the decreased cGMP level in the oocyte may be efficiently maintained by the LH-mediated closure of gap junctions, which occurs after the diffusion of cGMP out of cumulus cells [26] in a mechanism dependent on the activation of mitogen-activated protein kinase 3/1 (MAPK3/1) and phosphorylation of connexin 43 [32] . Moreover, the closure of the gap junction also reduces the diffusion of cAMP from the surrounding cells to the oocyte [18, 19] . Once the concentration of cGMP in the oocyte is reduced and the inhibition of PDE3A is relieved, the cAMP is rapidly hydrolyzed and PKA is inactivated, which leads to the activation of MPF, release of the oocyte from meiotic arrest, and shift of the oocyte into the M-phase (Figure 1 ). The role of cyclic nucleotides in meiotic arrest and resumption has recently been comprehensively reviewed elsewhere [33, 34] . Signaling pathways affecting production and diffusion of cyclic nucleotides in ovarian follicles during meiotic arrest and meiotic resumption. Mammalian oocytes are held in meiotic prophase arrest by a high intracellular concentration of cyclic adenosine monophosphate (cAMP), which is maintained by its diffusion from granulosa and cumulus cells, production in the oocyte itself under the influence of G-protein coupled receptors (GPR) associated with adenylcyclase (AC), and by the inhibition of oocyte-specific phospodiesterase 3A (PDE3A). The oocyte PDE3A is naturally inhibited by cyclic guanosine monophosphate (cGMP) diffusing from granulosa and cumulus cells. Cyclic GMP is synthetized by natriuretic peptide receptor 2 (NPR2) with a guanylyl cyclase activity. The NPR2 is activated by C-type natriuretic peptide (CNP) continuously produced by granulosa cells from C-type natriuretic peptide precursor (NPPC). The concentration of cGMP in the preovulatory follicle rapidly, in minutes, decreases in response to the LH binding to its receptor. This rapid decrease in cGMP occurs due to dephosphorylation and inactivation of the NPR2 without reducing the amount of NPR2 and due to an increased cGMP hydrolysis caused by the PKA mediated activation of PDE5 phosphodiesterase. Long-term mechanisms contributing to cGMP decrease involve the downregulation of NPR2 expression and also a decrease in the expression of NPPC. In addition, the cGMP level in the oocyte may be efficiently reduced by a decreased diffusion of cGMP from granulosa and cumulus cells due to the LH-mediated closure of gap junctions, which occurs in a mechanism dependent on the activation of MAPK3/1 and phosphorylation of connexin 43. Once the concentration of cGMP in the oocyte is reduced and the inhibition of PDE3A is relieved, the cAMP is rapidly hydrolyzed, which leads to the release of the oocyte from meiotic arrest and shift of the oocyte into the M-phase. The AREG-induced activation of EGFR has been shown to play a role in the decrease of NPR2 activity [24] , closure of gap junctions between the granulosa cells [63] and decreased expression of NPPC [65] . Figure 1 was adapted from Conti et al. [33] with permission from Elsevier.
polypeptide of 53 amino acids. There is a substantial body of evidence in the literature that EGF enhances the nuclear and, in some species, cytoplasmic maturation of oocytes (Table 1) . These properties of EGF appear to be mediated through cumulus cells that, unlike the oocytes, possess functional EGFR in late-stage antral follicles [35] [36] [37] . Further evidence suggested a physiological role of EGF in the release of mammalian oocytes from meiotic arrest. EGF stimulated the maturation of rat oocytes cultured within follicles [38] and induced germinal vesicle breakdown (GVBD) in isolated COCs in which the resumption of meiosis was blocked by purines, cAMP, or the phosphodiesterase inhibitor (IBMX) [39] . EGF also stimulated murine and rat cumulus expansion in vitro, even more efficiently than FSH [40, 41] . Bovine cumulus expansion was also stimulated by EGF [42, 43] . In pigs, EGF-stimulated expansion was developmentally regulated during follicular growth [36] . Only COCs originating from large antral follicles underwent expansion in response to EGF stimulation, which was accompanied by an extensive production and retention of hyaluronic acid. These results supported the idea that EGF may have a physiological role in the regulation of meiotic resumption and cumulus cell expansion in preovulatory follicles, presumably as a mediator of LH signals [36] .
Gonadotropins induce activation of EGFR in somatic follicular cells by promoting expression of EGF-like peptides
Further studies on the mechanism of LH action in preovulatory follicles showed that the expression and accumulation of EGF in follicular fluid does not change significantly following the LH surge [44] , which questioned the role of EGF as the mediator of LH signaling. However, the expression and synthesis increased dramatically for three members of the EGF-like family proteins: amphiregulin (AREG), epiregulin (EREG), and betacellulin (BTC) [9, 10, [44] [45] [46] . These peptides are promptly expressed in mouse and rat mural granulosa upon LHCGR stimulation [9, 10] and later also in the cumulus cells [47] . The EGF-like factors are also expressed in human granulosa cells and accumulate in the follicular fluid of mature human ovarian follicles after the LH surge or after human chorionic gonadoptropin (hCG) injection, and AREG accumulation is affected by the mode of triggering oocyte maturation and positively correlates with oocyte developmental competence [48] [49] [50] . The EGF-like growth factors are produced as transmembrane precursors and then cleavage by members of the matrix metalloprotease (MMP) or A [110] Higher cleavage rate after fertilization Harper and Brackett [111] EGF increased gonadotropin-stimulated cumulus expansion and development of fertilized oocytes to blastocyst stage Kobayashi et al. [112] Enhanced nuclear maturation, fertilization, and blastocyst rate Lorenzo et al. [43] Enhanced cumulus expansion and nuclear maturation of oocytes Im and Park [113] Increased nuclear maturation and momospermic fertilization Lonergan et al. [114] Stimulates cumulus expansion, nuclear maturation, cleavage rate, and blastocyst rate Rieger et al. [115] In combination with IGF1 stimulated cumulus expansion, oxidative metabolism, nuclear maturation, and cleavage rate Oymada et al. [116] Increased maturation and blastocyst rate in individually cultured oocytes. Pig Reed et al. [117] Increased oocyte nuclear maturation Singh et al. [118] Stimulated cumulus expansion and oocyte meiosis resumption Ding and Foxcroft [119] Stimulated nuclear maturation and FSH-induced male pronuclear formation Wang and Niwa [120] Stimulated male pronuclear formation Abeydeera et al. [121] Increased blastocyst rate after fertilization Abeydeera et al. [122] Increased developmental competence of oocytes cultured in protein-free medium Prochazka et al. [36] Stimulated nuclear maturation and cumulus expansion in COCs isolated from follicles >4 mm Uhm et al. [123] Increased nuclear maturation and in synergy with FSH also cytoplasmic maturation of oocytes Mao et al. [124] Increased nuclear maturation, cleavage, and blastocyst rate Valleh et al. [125] Increased blastocyst rate, cell number, and hatching rate Ritter et al. [72] EGF in combination with oocyte-secreted factors enhanced blastocyst rate in low-competence COCs Mouse Downs [40] Stimulated cumulus expansion and meiosis resumption Das et al. [126] Increased nuclear maturation Das et al. [127] EGF from human follicular fluid stimulated maturation of mouse oocytes De La Fuente et al. [128] Increased nuclear and cytoplasmic maturation of oocytes grown in vitro Coticchio et al. [129] Promoted maturation of hypoxanthine-and dbcAMP-inhibited oocytes Sheep Guler et al. [130] Increased nuclear maturation, cleavage, and blastocyst rate Lorenzo et al. [131] Increased nuclear maturation Grazul-Bilska et al. [132] Increased cumulus expansion and blastocyst rate Horse Lorenzo et al. [131] Increased nuclear maturation Lorenzo et al. [133] Increased nuclear maturation Cat Merlo et al. [134] Increased cleavage, morula and blastocyst rates Dog Cui et al. [135] Increased nuclear maturation Human Das et al. [126] Increases nuclear maturation Gómez et al. [136] Increased nuclear maturation Goud et al. [137] Improved cytoplasmic maturation disintegrin and metalloprotease (ADAM) families is necessary for the release of active peptides at the plasma membrane level [51] . The EGF-like peptides bind to the classical EGFR (ERBB1) and activate its intrinsic tyrosine kinase, which results in autophosphorylation of specific tyrosine residues and activation of several signaling cascades within the cell. These signaling pathways include the phosphatidylinositol 3-kinase (PI3K), phospholipase C gamma/protein kinase C (PLCγ /PKC), and especially the MAPK3/1 pathway that is thought to be predominantly involved in the regulation of downstream signaling pathways that control the resumption of meiosis, expansion of cumulus cells, and ovulation [11, 52, 53] . Taken together, a large body of evidence suggest that the EGF-like peptides are the mediators of LH signaling in the preovulatory follicle. EGF can mimic EGFpeptide actions in vitro, due to exploitation of the same receptor, but it is unlikely to be the natural mediator of LH in vivo.
The mechanism of gonadotropin-induced activation of the EGFR was intensively studied, as it may have a significant impact on designing novel culture systems for mammalian oocytes as well as on elucidating mechanisms of infertility. In principle, two mechanisms leading to the GPR-induced activation of EGFR have been described in various cell systems [54] . First, a ligand-dependent pathway comprised of the activation of metalloproteases that are able to cleave EGFR ligands and stimulate ligand shedding and second, a ligandindependent pathway comprised of the activation of intracellular protein kinases such as SRC family tyrosine kinases.
The former pathway is well characterized in mammalian follicular cells and involves the gonadotropin-induced synthesis of the ligands, as described above. The involvement of newly synthesized proteins in LH-induced EGFR phosphorylation is supported by the finding that protein synthesis inhibitors disrupt this process as well as the resumption of oocyte maturation [55] . This comprehensive study further showed that the expression of EGF-like peptides in mRNA increased in cultured mouse preovulatory follicles as early as 30 min after the addition of LH, and reached its maximum after 2 h, Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/4/537/4101245 by OUP site access user on 08 October 2018 in parallel with EGFR phosphorylation. EGFR phosphorylation was inhibited by AG1478, an EGFR kinase inhibitor, and the matrix metalloprotease inhibitors GM6001 and TAPI1, indicating that ligand shedding is required for their activity. The LH-induced phosphorylation of EGFR was mimicked in time and intensity by forskolin and inhibited by H89, indicating that cAMP and PKA signaling are upstream pathways required for the gonadotropin-induced activation of EGFR [55] . In agreement with this conclusion, the gonadotropininduced expression of AREG, EREG, and ADAM metallopeptidase 17 (ADAM17) was also suppressed by the PKA inhibitor [56] .
The latter ligand-independent pathway of EGFR activation (transactivation) has been reported to work in cultured rat granulosa cells where the FSH-induced activation of EGFR was mediated by SRC family kinases without the need for PKA activity [57] . Recent reports provide indirect evidence about the function of ligand-independent, but SRC-dependent EGFR transactivation in mouse and bovine COCs [58, 59] . However, more studies are needed to provide direct evidence of this mode of EGFR transactivation in COCs and to assess its significance in meiosis resumption.
EGF-like peptides are also expressed in cumulus cells and regulate their specific functions through EGFR signaling
The experiments on the mouse model have shown that the expression of EGF-like peptides occurs not only in mural granulosa, but also in the cumulus cells. Through autocrine and paracrine mechanisms, the EGF-like peptides induce the expression of prostaglandinendoperoxidase synthase 2 (PTGS2) in both mural granulosa and cumulus cells, leading to an increased production of prostaglandin E2 (PGE2). PGE2 binds to its receptor on cumulus cells, activates the cAMP and MAPK14 pathways, and consequently stimulates the production of AREG and EREG by these cells. The EGF-like peptides then bind to EGFR on cumulus cells and in an autocrine manner, via MAPK3/1, MAPK14, and PKC, stimulate posttranscriptional events and the expression of genes involved in the regulation of meiotic resumption and cumulus expansion [47, 52] . The genes involved in cumulus expansion, i.e., in the production of hyaluronic acid and its organization in the extracellular matrix of cumulus cells, were identified as hyaluronan synthase 2 (HAS2), PTGS2, TNFAIP6, VCAN, and PTX3 [60] [61] [62] . Thus, the regulatory loops triggered by the EGFlike peptides regulate the major morphological events occurring in the preovulatory follicle as well as in the IVM of COCs, i.e. the resumption of oocyte meiosis and expansion of cumulus cells.
Role of EGFR signaling network in regulation of cyclic guanosine monophosphate production and diffusion in preovulatory follicles and cultured cumulus-oocyte complexes
Evidence has accumulated in the last 10 years that the EGFR signaling pathway is involved in the regulation of cGMP level in oocytes and follicular cells, even though some experimental data indicate the development of an LH-activated redundant pathway that decreases cGMP independently of EGFR [33, 63] .
The data presented by Norris et al. [63] indicate that EGFR kinase contributes to LH-induced meiotic resumption in two different ways. First, it is required for connexin 43 phosphorylation and gap junction closure in granulosa and cumulus cells. Second, it is required as an essential component of the intrafollicular mechanism decreasing cGMP (see Figure 1) . Interestingly, epiregulin effectively decreased cGMP level in cultured preovulatory follicles by 80%, but an LH-induced drop in cGMP was only partially inhibited by the EGFR antagonist AG1478 [63] . This indicates that most of the cGMP decrease is achieved via an alternative EGFR-independent mechanism. In another study, LH induced a decrease in cGMP concentration in preovulatory follicles of wild-type mice cultured for 2 h, and this process was efficiently reversed by AG1478 [64] . However, LH also induced this decrease in cGMP in knockout mice not expressing EGFR in granulosa cells, and this decrease was insensitive to AG1478 [64] . This suggests that the cGMP decrease is an EGFRdependent process in wild-type mice and a compensatory mechanism developed in the mutant mice. More detailed studies identified the expression of NPPC to be a cGMP-decreasing process dependent on LH and AREG but independent of EGFR activity in mice [65] . Thus, it appears that the short-term events, involving the regulation of NPR2, are EGFR dependent whereas the long-term events, involving the regulation of CNP, are EGFR independent [65] .
In contrast to the mouse model of follicle culture, both the regulation of NPR2 and CNP may be under the control of EGFR in isolated COCs. In cultured pig COCs, CNP-induced blockage of maturation is relieved by AREG [66] . The authors further demonstrated that AREG decreases CNP production in granulosa cells and downregulates NPR2 expression in cumulus cells, and that these events are completely suppressed by the EGFR kinase inhibitor AG1478. Further experiments are needed to elucidate the default pathway of the LH-induced decrease in cGMP under in vivo conditions and the redundant or compensatory mechanisms activated by different experimental conditions.
Pattern of EGFR phosphorylation in cumulus cells affects oocyte developmental competence
Oocyte developmental competence is defined as the capacity of the mature oocyte to undergo fertilization and early preimplantation embryo development, and to support development to term [67] . Oocytes acquire full developmental competence gradually and sequentially as oogenesis proceeds in concert with ovarian folliculogenesis [68] [69] [70] . First, the oocytes approaching their final size develop the competence to mature to metaphase II (meiotic competence). Later in follicular development, the oocytes acquire the competence to support very early embryo development, and as the folliculogenesis proceeds toward ovulation, the oocytes acquire full developmental competence, associated with their ability to support development to term. The final phase of oogenesis is also termed "oocyte capacitation" [71] and is characterized by a number of morphological and functional changes in the oocyte organelles. The changes in the oocyte itself are also accompanied by alterations in the surrounding cumulus cells, resulting in the ability of the COC to respond to the ovulatory surge in LH. The alterations in the cumulus cell responsiveness to EGF and EGF-like ligands are a process with an essential impact on oocyte developmental competence [37, 72] .
In pigs, oocytes derived from small follicles (<4 mm) exhibit lower developmental competence than oocytes derived from large follicles (>6 mm) [70, 73] . It has been demonstrated that the COCs isolated from these two follicle categories differ in their ability to respond to EGF stimulation. The COCs originating from the small follicles exhibit a minimal phosphorylation of the EGFR upon EGF stimulation (approximately 2-fold increase over the base level), whereas the COCs from the large follicles exhibit a robust phosphorylation of the receptor, reaching a 12-fold increase over the base level [37] . The different extent of EGFR phosphorylation is associated with the lower ability of the small follicle oocytes to resume meiosis and with the inability of cumulus cells to undergo expansion after EGF stimulation [36, 37] . Importantly, these biochemical and physiological insufficiencies of the small follicle COCs were compensated in vitro by their pre-exposure to FSH [37] . These results indicate that the attainment of full responsiveness of the cumulus cell EGFR to their ligands is regulated developmentally and that it can play an important role in the acquisition of oocyte competence on the way to ovulation. Detailed studies on this topic showed that the poor responsiveness of the COCs from small follicles to EGF is not caused in pig COCs by a lower expression of the EGFR by cumulus cells, since it did not differ in all follicle categories tested [37] . Remarkably, the responsiveness was promptly enhanced by a preculture of the small follicle COCs with FSH for a period as short as 3 h, and the mechanism of the FSH-enhanced responsiveness to EGF did not seem to include an increase in EGFR [37] . Ritter et al. [72] showed that the low-competence pig COCs, originating from small follicles, do not adequately respond to EGF and other members of the EGF family (AREG, EREG, BTC) in terms of the stimulation of cumulus expansion, expression of cumulus expansion-related genes (HAS2, TNFAIP6, PTGS2), EGFR and MAPK3/1 phosphorylation, oocyte maturation, and acquisition of developmental competence. The lowcompetence COCs expressed equivalent levels of EGFR mRNA to the moderate-competence COCs originating from medium follicles, but in contrast to the findings reported by Prochazka et al. [37] , the former exhibited less total EGFR protein, leading to a lower level of EGFR and MAPK3/1 phosphorylation in response to EGF [72] . Interestingly, the co-culture of low-competence COCs with denuded oocytes, providing native oocyte-secreted factors, enhanced their responsiveness to EGF and significantly improved the development of fertilized oocytes to the blastocyst stage [72] . In mice, both the expression of EGFR mRNA and the corresponding mature protein increased in follicular cells during late folliculogenesis, and this was a FSH-dependent process [74] . The expression of EGFR in cumulus cells is also influenced by a paracrine factor produced by the oocyte. EGFR mRNA and protein expression were dramatically reduced in mice deficient in growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15). The same effect was observed in wild-type COCs after microsurgical removal of the oocyte, and the original levels of EGFR mRNA and protein were restored by co-culture with oocytes of recombinant GDF9 and/or BMP15 [75] . Further experiments are thus needed to reconcile these different findings and determine whether the different levels of EGFR phosphorylation in COCs originating from different follicular categories are due to the quantity of EGFR protein, or whether other molecular mechanisms are behind this phenomenon.
The results of several studies also indicate that not only the extent but also the temporal pattern of EGFR phosphorylation may affect oocyte developmental competence. Both FSH and/or EGF-stimulated mouse COCs exhibited different patterns of EGFR phosphorylation when compared to in vivo matured COCs [76] . EGF elicited the rapid and robust phosphorylation of EGFR in 30 min, when the phosphorylation levels were higher than in the presence of FSH or in in vivo matured COCs. However, at 3 or 6 h of maturation, the COCs matured in vitro with either FSH or EGF exhibited significantly lower levels of EGFR phosphorylation than the in vivo matured COCs [76] . Interestingly, a sustained activity of the EGFR within the preovulatory follicle, lasting several hours, is an absolute requirement for LH-induced oocyte maturation and cumulus expansion [77] . The prolonged activation of EGFR may be ensured by the action of AREG and the other EGF-like peptides, since they belong to the low-affinity EGFR ligands that differ from the highaffinity ligands in a lower level of EGFR phosphorylation, reduced the ability to stimulate receptor dimerization, stimulation of different signaling pathways, and slow downregulation of the receptor [78] [79] [80] . Taken together, these data indicate that the induction of cumulus cell responsiveness to EGF or EGF-like peptides is a crucial step in the differentiation of cumulus cells, significantly contributing to the programmed acquisition of oocyte developmental competence.
Exogenous EGF-like peptides stimulate meiosis resumption and promote developmental competence in in vitro cultured oocytes
The developmental competence of mammalian oocytes cultured in vitro is greatly affected by the composition of culture media. The selection of a mixture of hormones and growth factors plays a substantial role in this respect. The addition of gonadotropins, FSH or a combination of FSH and LH, represents a standard procedure for the culture of mammalian COCs in vitro. The gonadotropins are often also combined with EGF. It has been shown in various species that supplementation of the culture media with EGF-like peptides stimulates meiosis resumption, cumulus expansion, and oocyte developmental competence to an extent comparable with gonadotropins (Table 2 ). This is an expected result, since in cultured COCs FSH induces the expression of AREG, EREG, and BTC [14, 47, 76] and common downstream pathways are activated by both FSH and EGFlike peptides [11] . However, significant benefits of the substitution of gonadotropins for the EGF-like factors were reported in several papers. In pigs, oocytes cultured with AREG and/or EREG exhibited a double the blastocyst/cleaving embryo ratio after parthenogenetic activation than oocytes cultured in the medium supplemented with FSH, indicating higher oocyte developmental competence [14] . This result was confirmed for mouse oocytes by Richani et al. [76] , who showed that the day 6 blastocyst rate was significantly higher for COCs cultured with EREG compared with those cultured with FSH or EGF and that both AREG and EREG increased the number of inner-cell-mass cells in the blastocysts, which indicates higher quality and developmental potential. The authors suggested that both traditional additives to the oocyte culture medium (FSH and EGF) are unable to truly mimic molecular events occurring in in vivo matured COCs, namely the temporal pattern and quantity of EGF-like peptide mRNA expression, and the pattern and intensity of EGFR and MAPK3/1 activation and concluded that the use of AREG and/or EREG during IVM, instead of FSH and EGF, may lead to improvements in oocyte developmental competence [76] .
The question is what mechanism is behind the superior action of EGF-like factors on the developmental capacity of mammalian oocytes when their impact on the surrounding cumulus/granulosa cells, in terms of the number of affected genes, signaling pathways, and cell functions, is apparently lower than that after gonadotropin stimulation [11, 81] . The basis of the superior action of EGF-like peptides may lie in their effect on the metabolism of cumulus cells and oocytes. Bovine COCs treated with AREG had higher glucose consumption, lactate production, and ratio of lactate production to glucose uptake than COCs treated with FSH [82] . In mice, the Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/4/537/4101245 by OUP site access user on 08 October 2018 Table 2 . List of papers reporting a positive effect of EGF-like factors on maturation and postfertilization development of mammalian oocytes in vitro.
Reference [No.]
Main effects of EGF-like factor presence during culture of preovulatory follicles or oocyte-cumulus complexes (COCs) Cattle Sugimura et al. [82] AREG in combination with BMP15 enhanced blastocyst rate and quality. Pig Akaki et al. [138] AREG and BTC increased maturation of oocytes to metaphase II in chemically defined medium as compared to gonadotropins; live piglets produced from oocytes cultured with EGF-like factors. Noma et al. [139] AREG stimulated cumulus expansion and embryo cleavage, especially in combination with EGR1. Prochazka et al. [14] AREG and EREG stimulated cumulus expansion and oocyte maturation; the developmental competence of AREG/EREG treated oocytes was higher than those treated with FSH. Zhang et al. [66] AREG stimulated oocyte maturation in oocytes co-cultured with granulosa cells. Sugimura et al. [85] AREG in combination with dbcAMP, BMP15, and GDF9 enhanced rate of oocyte maturation and blastocyst formation in low competence oocytes isolated from follicles 2-4 mm in diameter. Mouse Park et al. [9] AREG, EREG, and BTC stimulated cumulus expansion and oocyte maturation in cultured follicles and isolated COCs. Romero and Smitz [140] EREG induced meiosis resumption in COCs but not in follicles grown in vitro for 12 days. Romero and Smitz [141] EREG induced oocyte maturation but was a week inducer of progesterone production. Richani et al. [76] EREG increased blastocyst rate and both AREG and EREG improved blastocyst quality. Chen et al. [84] AREG increased translation of Tpx2 mRNA and synthesis of TPX2 and IL7 proteins in matured oocytes; it also increased their cleavage rate after fertilization. Franciosi et al. [58] AREG increased translation of Tpx2 and Il7 mRNAs in matured oocytes and their fertilization rate. Rat Ashkenazi et al. [10] AREG, EREG, and BTC stimulated meiosis resumption in follicle-enclosed oocytes. Human Ben-Ami et al. [142] AREG and EREG increased oocyte maturation and embryo formation.
EGF-like peptides induced more oocyte mitochondrial activity than EGF or FSH, and greater hexosamine biosynthesis pathway activity in cumulus cells than FSH, thus enabling more hyaluronic acid synthesis and protein-beta-O-linked glycosylation [83] . The superior effect of EGF-like factors on oocyte developmental competence may also be mediated by the regulation of oocyte translation. It has been recently shown that the translation of a subset of oocyte mRNAs critical for embryo development is under the control of signals generated in cumulus cells by EGF or AREG [84] . The signaling pathway responsible for this phenomenon has not been specified in cumulus cells yet, but it is known that activation of the PI3K/AKT and mechanistic target of rapamycin kinase (MTOR) pathway in the oocyte is necessary for the somatic regulation of oocyte mRNA translation [84] . However, FSH is also capable of activating the EGFlike network in cumulus cells and inducing the PI3K/AKT pathwaydependent translation of specific mRNAs, associated with oocyte developmental competence, which was demonstrated in mouse COCs by Franciosi et al. [58] . Thus, a deeper understanding of molecular events involved in the regulation of oocyte developmental competence is required to elucidate the superior effect of EGF-like peptides over FSH in this process.
Activation of multiple signaling pathways is required to promote developmental competence in cumulus-oocyte complexes derived from growing follicles
Gonadotropins activate a wide spectrum of signaling pathways in preovulatory follicles as well as in cultured COCs that may cooperate with the EGFR pathway in affecting oocyte meiotic and developmental potential. Among them, the pathways activated by the paracrine oocyte factors, pathways extending the gap junction communication of somatic cells and oocytes, and the drugs that maintain a high intracellular concentration of cAMP in cumulus cells have been shown to exhibit a beneficial effect on AREG-promoted oocyte developmental competence [72, 82, 85] .
Paracrine oocyte factors
Recent investigations revealed that optimal results concerning the promotion of oocyte developmental competence can be achieved in in vitro cultured oocytes by a combination of EGF-like factors with native oocyte factors or cAMP modulators, as additives to the culture medium. As mentioned above, the native oocyte-secreted paracrine factors improved the responsiveness of pig low-competence COCs to EGF and increased the developmental competence of the oocytes [72] . Therefore, two major representatives of the oocyte secreted factors, GDF9 and BMP15, were tested for their potential to cooperate with the EGF or EGF-like factors in the promotion of developmental competence in in vitro cultured oocytes. In cattle, a beneficial effect of AREG on the promotion of oocyte developmental competence was only expressed when combined with BMP15 [82] . This promotion was strictly dependent on the BMP15-stimulated preservation of functional gap junctions between cumulus cells, and was not the result of direct actions of the ligands on oocytes or paracrine secretions by cumulus cells to oocytes. Therefore, the AREG-stimulated COC glycolysis and BMP15-dependent preservation of gap junction communication facilitated the transfer of metabolites from cumulus cells to the oocyte, thereby enhancing oocyte developmental competence [82] . In low-competence pig COCs, combined exposure to dibutyryl cyclic adenosine monophosphate (dbcAMP) and promature complexes of BMP15 and GDF9 was necessary to enhance AREG-stimulated oocyte maturation, blastocyst formation, and expression of the cumulus expansion-related genes HAS2, TN-FAIP6, and PTGS2, which correspondingly resulted in an increased expansion of the cumulus [85] . In addition, this combined stimulation of the COCs, compared to stimulation with gonadotropins alone, significantly enhanced the phosphorylation of the cumulus MAPK3/1, which is downstream of the EGFR [85] . This further underlines the significance of EGFR signaling for a wide range of developmental events associated with oocyte maturation and the acquisition of developmental competence. The combination of promature versions of BMP15 and GDF9 results in the formation of a highly potent heterodimer called procumulin, which is the only form of these paracrine factors enhancing the developmental potential of low-competence pig oocytes, whereas both promature and covalent mature cumulin-stimulated proliferation and SMAD signaling in cultured mouse granulosa cells [86] . The explanation for this feature is that the prodomains of GDF9 and BMP15 facilitate binding of the heterodimer to heparan sulfate proteoglycans, essential components of the extracellular matrix of cumulus cells [86, 87] . Moreover, the combination of GDF9 and BMP15 stimulates the proliferation of granulosa cells in the SMAD2/3-dependent pathway, but also in non-SMAD, nuclear factor KB, and c-Jun-terminal kinase-dependent pathways [88] , which can also contribute to an enhanced quality of oocytes originating from cultured COCs. These results indicate that both gonadotropin-induced cAMP/PKA signaling and oocytederived paracrine factors cooperate to promote the functionality of EGFR in low-competence COCs.
Sustained gap junction communication
A number of studies reported a beneficial effect of sustained gap junction communication on the acquisition of oocyte developmental competence in vitro (reviewed in [34] ). This is especially important in species like pig or cattle, in which COCs are isolated for culture purposes from growing follicles that do not endow oocytes with full developmental competence [70, 72, 73, 89] . In these species, the preincubation of oocytes under conditions delaying meiosis resumption and preserving the functionality of the gap junctions followed by standard culture, an approach called two-step culture, resulted in an improvement in oocyte developmental competence (reviewed in [34] ). The stimulation of meiosis resumption by EGF-like factors may lead in these species to a premature interruption of communication of the oocyte with the somatic cells, since a large body of literature documents that EGFR activation leads to MAPK3/1-mediated phosphorylation and deregulation of connexin 43 (GJA1) and subsequent loss in gap junction communication in various cell systems [32, 63, [90] [91] [92] [93] . As indicated above, the beneficial effect of EGF-like factors on the developmental capacity of oocytes is dependent on the preservation of gap junction communication between the oocyte and the surrounding cumulus/granulosa cells by BMP15 or cAMP modulators [82] . The LH peak ultimately leads to the interruption of gap junction communication between the oocyte and the somatic cells in the preovulatory follicle. The precise time course of this event is a matter of debate. In rodents, this gap junction closure was observed minutes after the addition of LH to cultured follicles [32] and was reported to be a sufficient stimulus for meiosis resumption by itself [94] . A recent study monitoring cGMP flow in live mouse follicles revealed that the diffusion of cGMP out of cumulus cells occurred in the first 10 min after LH addition and preceded the LH-induced decrease in gap junction permeability, which occurred 30-60 min after LH exposure and was probably associated with the expression and signaling of EGF-like factors in cumulus cells [26] . Thus, in this scenario, the closure of gap junctions appears to be a mechanism maintaining a low cGMP level in the oocyte rather than a mechanism triggering meiotic resumption. In species with a slow pace of GVBD like pigs, the gap junction communication even increased in COCs during the first period of culture [95] , and the gonadotropin-dependent breakdown of gap junctional communication within cumulus cells occurred simultaneously with GVBD [96, 97] . This pattern of deregulation of oocyte-cumulus cell communication further provides rationale for the combination of EGF-like factors with the compounds maintaining the functionality of the gap junctions.
High intracellular concentration of cyclic adenosine monophosphate in cumulus cells
An increased concentration of cAMP in the COCs was found to prolong intercellular communication between cumulus cells and the oocyte [98] [99] [100] [101] , which is a prerequisite for the continuing diffusion of different regulatory molecules from cumulus cells to the oocyte and vice versa. Thus, the culture of COCs in a medium supplemented with cAMP analogues may represent a promising way to achieve oocyte capacitation in vitro (reviewed in [34, 71] ). In mouse and bovine COCs, a modulation of intracellular levels of cAMP by forskolin and IBMX induced the maintenance of gap junction communication during meiotic arrest, and increased oocyte developmental competence, as indicated by a higher percentage of hatched blastocysts and the blastocyst cell number [12, 94, 102, 103] . The exposure of pig COCs to dbcAMP during the first 24 h of culture proved to enhance their developmental competence and reduce polyspermy after fertilization in vitro [104, 105] . In addition, the dbcAMP can be used for the long-term inhibition of meiosis in pig COCs with no loss of gap junction communication and oocyte ability to resume and complete meiosis; during the inhibitory culture period, the cumulus cells proliferate, develop functional LHCGR, and maintain functional FSH receptors [106] . In mice, the exposure of either in vivo or in vitro matured COCs to cAMP elevating agents, such as 8-Br-cAMP, dbcAMP, or forskolin, prevented the apoptosis of cumulus cells and reduced the disassembly of the extracellular matrix, thereby prolonging the window of oocyte fertilizability [107] . The pre-incubation of mouse COCs with cAMP modulators, forskolin, and IBMX, prior to standard IVM with FSH, EGF, or AREG and EREG, significantly increased the size of the inner cell mass in subsequent blastocysts, but it was only when the EGF-like factors were used as maturation stimulators in standard IVM that the subsequent blastocysts were comparable with in vivo produced blastocysts [108] . Taken together, the culture systems inducing elevated cAMP levels in cumulus/granulosa cells can be explored to delay the spontaneous maturation of mammalian oocytes in vitro with the aim of enhancing their developmental competence [34, 67] . The FSHR and EGFR signaling pathways affecting oocyte developmental competence are summarized in Figure 2 .
Conclusions and perspectives
The characterization of the gonadotropin-activated EGFR network in the somatic cells of preovulatory follicles opened up a new path for research on the precise mechanisms controlling the maturation and ovulation of mammalian oocytes. All evidence to date indicates a crucial role of EGF-like factors and EGFR downstream signaling pathways in the regulation of oocyte meiosis resumption, the expansion of cumulus cells, and ovulation of the mature oocyte. In addition, it becomes evident that this new knowledge has a significant impact on the techniques used for the maturation of mammalian oocytes in vitro, in that it elucidates the lower developmental potential of oocytes isolated from growing follicles that are naturally less competent at producing a healthy embryo than their counterparts derived from preovulatory follicles. Signaling pathways activated in cultured cumulus-oocyte complexes by FSH and EGF-like peptides with possible impact on oocyte developmental competence. FSH activates adenylcyclase (AC) via Gs proteins, which leads to an increase in cAMP in cumulus cells and activation of PKA. PKA regulates the transcription of various genes including AREG, EREG, and BTC via the transcription factor cAMP response element-binding protein (CREB). Mature variants of the AREG peptide are produced by the action of ADAM17 at the plasma membrane level, bind to EGFR, and induce its autophosphorylation on multiple tyrosine residues and activation of various signaling pathways including the MAPK3/1 cascade. The activated MAPK3/1 stimulates the transcription of cumulus expansion-related genes, including PGE2, presumably via the transcription factor CCAAT/enhancer binding protein beta (CEBPB). PGE2 binds to its receptor and via MAPK14 signaling augments the expression of AREG mRNA, thus triggering an autocrine regulatory loop involved in sustained activation of EGFR and continuous production of EGF-like peptides [47] . AREG stimulates glycolysis in cumulus cells and the production of lactate and pyruvate that are transferred through open gap junctions into the oocyte serving as major energy sources for the oocyte metabolism and yielding increased levels of co-enzymes NAD(P)H and FAD ++ [82] . AREG-induced signaling in the cumulus cells is also essential for activation of the PI3K/AKT/mTOR pathway in the oocyte and translation of a subset of maternal mRNAs critical for embryo development [84] . The ligand activated FSHR can also associate with the Gq and Gi classes of G-proteins, thereby activating phospholipase β/PKC and PI3K/AKT pathways, respectively. Similarly, specific phosphorylated tyrosine residues of the EGFR associate with adaptor proteins activating these two kinases. PKC participates in the gonadotropin-induced activation of EGFR by a mechanism involving the regulation of ADAM17 activity [52] . The significance of PI3K signaling in the cumulus cells for establishing oocyte developmental competence needs to be determined.
To develop more effective culture systems, some aspects will need to be studied further. Several papers found that replacing the traditional stimulators of meiotic resumption, i.e. gonadotropins, with the EGF-like peptides may enhance the effectiveness of the systems for oocyte maturation in vitro [14, 76] . However, the full potential of the EGF-like peptides in improving oocyte in vitro maturation conditions and oocyte developmental competence was only found in experiments combining activation of the cAMP/PKA, SMAD2/3, and EGFR/MAPK3/1 pathways [85] . Thus, it appears that stimulation of the natural long-lasting increase in cAMP in somatic follicular cells, which occurs after the preovulatory peak of gonadotropins, may be an important step in improving oocyte culture systems. This is particularly important for species in which oocytes are collected from immature growing follicles, such as large animal species or humans. In these species, the oocytes gain much of their developmental competence in antral follicles during the few days between their selection for dominance and ovulation. The premature release of COCs from their natural environment negatively affects the oocyte's ability to give rise to a competent embryo for intrauterine and postnatal development. However, it becomes evident that the long period of oocyte maturation typical of these species offers an excellent opportunity to support oocyte developmental competence by creating conditions that respect their physiological requirements and to the greatest possible extent resemble the environment and meiosis-resuming signals of the preovulatory follicle. Proper stimulation of the EGFR pathway following a period of meiotic arrest and gap junction coupling stimulation appears to be a promising way to trigger meiosis resumption in in vitro cultured COCs when aiming to significantly promote oocyte developmental competence.
